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© High density optical information recording even 
at room temperature is achieved by control of the 
diameter of crystalline portions exhibiting quantum 
si2e effects of fine semiconductor particles (13) dis- 
tributed in a dielectric matrix (14), using the non- 
crystalline to crystalline phase transition of the fine 
particles. The quantum size effects mean that the 
optical properties of the medium depend on the 
diameter of the crystalline portions. Various methods 
of recording, reproducing and erasing information 
using this optical recording medium are possible. 
The invention is applicable to other optical devices. 
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This invention relates to a method of varying or 
selecting optica! properties of a body, and to var- 
ious applications of the method, such as control of 
optical devices, information recording media and 
methods and apparatus for recording, erasing and 5 
reproducing information. 

One technique for providing a high density of 
optical recording is the method of "photochemical 
hole burning " (hereinafter referred to as PHB) as 
described in United States patent No. 4101976, in 10 
which wavelength multiplexing recording is per- 
formed using the optical transition levels of the 
electron systems of organic pigment compounds 
and changes in the absorption band. 

The materials normally used in PHB are 75 
quinizarin, pthalocyanine, porphyrin, etc., as the 
guest materials which are distributed in a transpar- 
ent host material in the medium structure. These 
materials have to be cooled to the temperature of 
liquid helium in order to function as a PHB optical 20 
recording medium. In addition, when using PHB for 
optical recording there is a bleaching effect on the 
pigment itself by the light that is used for reading 
the absorbing holes which reduces the number of 
times the information can be read out. 25 

Research of the physics of glasses with semi- 
conductor fine particles has been described in 
"Solid State Communication", Volume 56, p. 921 
(1985). 

The optical non-linear response of semiconduc- 30 
tor fine particles has been described in "Oyo But- 
suri" (Japanese), Volume 55, No. 3, pp. 325 - 335 
(1990). 

Neither of these two articles describes the ef- 
fect of phase changes in such semiconductor fine 35 
particles. 

An object of the present invention is to provide 
a recording medium that has high recording den- 
sity that can permit recording and reproduction 
preferably at room temperatures, together with as- 40 
sociated methods and apparatus. 

More generally, it is an object of the invention 
to provide novel methods and devices for varying 
optical properties of a body. 

In its broadest aspect, the present invention 45 
provides a method of varying the optical properties 
of a body. The body has fine semiconductor par- 
ticles distributed in a matrix. The method com- 
prises the step of applying to said body energy 
which changes the size of crystalline partial regions so 
of said particles, which partial regions are of a size 
exhibiting quantum size effects. Due to the quan- 
tum size effects, which are explained more below, 
the optical properties, in particular the optical ab- 
sorption spectrum is dependent on the size of the 55 
crystalline regions of the particles, and also the 
size distribution. The invention makes use of the 
size distribution to be found in such a population of 



particles. 

Thus the invention can also provide a method 
of providing control of an optical device, e.g. for the 
purpose of information storage. The device has a 
body which contains fine semiconductor particles 
distributed in a matrix, the particles being made of 
a material capable of existing in both amorphous 
and crystalline states at the operating temperature 
of the device. The control is performed by applying 
energy to the body so as to vary the ratio of the 
relative amounts of amorphous and crystalline re- 
gions in the particles, the crystalline regions being 
of a size exhibiting quantum size effects. 

Further the invention provides a method of data 
storage comprising the step of varying the optical 
properties of a body in dependence on the data 
being stored, said body having fine semiconductor 
particles distributed in a matrix. The step of varying 
the optical properties is performed by irradiating 
the body with light energy which changes the 
amount, in the semiconductor particles, of cry- 
stalline partial regions thereof of a size having 
quantum size effects. The initial or erased state 
may be one in which the crystalline partial regions 
are absent. 

The invention also provides a method of data 
storage comprising selecting, in accordance with 
the data stored, optical absorption frequency spec- 
tra of a recording material having an absorption 
' frequency spectrum which is variable by control of 
the optical fundamental absorption energy of fine 
semiconductor particles embedded in a matrix. 

The invention is not limited to information re- 
cording. Broadly it provides an optical device hav- 
ing 

(a) a body whose optical properties are variable, 
the body having fine particles of semiconductor 
material distributed in a matrix, the particles 
being capable of existing in a state of containing 
within them crystalline partial regions of the 
semiconductor material, which crystalline re- 
gions are of a size exhibiting quantum size 
effects, and 

(b) means for applying energy to the particles 
so as to vary the size of the crystalline partial 
regions. 

The invention further provides an optical device 
having controllable optical properties, comprising: 

(a) a body whose optical properties are variable, 
the body having fine semiconductor particles 
distributed in a matrix which particles are of a 
material capable of existing in both an amor- 
phous state and a crystalline state, and 

(b) means for controlling the optical properties 
of the body comprising means for applying en- 
ergy to said body of intensity sufficient to vary 
the ratio of the relative amounts of amorphous 
and crystalline regions of the particles, which 
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crystalline regions exhibit quantum size effects. 
The recording medium of the present invention 
is one having a recording layer on a substrate, and 
is characterized in that the recording layer has a 
matrix material in which are dispersed semiconduc- s 
tor fine particles having a size distribution and 
capable of providing crystalline regions exhibiting 
quantum size effects. Here, it is sufficient if the 
substrate can hold the matrix material formed on it, 
and the presence or absence of transmittivity to the ro 
light used can be selected appropriately depending 
on the mode of use. For example the substrate 
may be reflecting. 

The matrix is typically dielectric and transmis- 
sive of light used to effect recording, erasing and 75 
reproduction of information. The matrix may be for 
example glassy or crystalline. 

The size distribution of the particles should 
preferably be one in which it is possible to deter- 
mine the. statistical average value and can be, for 20 
example, Gaussian distribution, Lorentz distribution, 
or any other suitable distribution. Fine structure of 
the optical absorption spectrum of the particles . 
arises from deviations from e.g. a Gaussian dis- 
tribution. Uniform dispersion of the particles in the 25 
matrix is highly desirable. 

The thickness of the matrix layer is not thought 
to be critical. Suitably it may be less than 10 urn. 
The thickness may be determined by requirements 
of the manufacturing process. 30 

In addition, the recording medium of the 
present invention comprises a recording layer on a 
substrate and this recording layer has the char- 
acteristics that it is made of a non-crystalline matrix 
which has dispersed inside it semiconductor fine 35 
particles whose optical fundamental absorption en- 
ergy can be controlled. The film thickness of the 
recording layer may suitably be optimized so that 
the optical interference occurring in the medium 
can be utilized relative to the light used for record- 40 
ing, reproducing, and erasing the information, and 
an optimal optical interference range is present 
depending on the device or application for which 
the apparatus is used and hence can be selected 
appropriately. ^ 

In addition, the recording medium of the 
present invention comprises a recording layer on a 
substrate and this recording layer has the char- 
acteristics that it is made of a preferably non- 
crystalline matrix (base material) which has dis- 50 
persed inside it fine particles. The matrix material 
is a substance that has a wider band gap than the 
semiconductor material of the particles, i.e. a lower 
electron affinity energy than the particles. The size 
of the particles should preferably be such that their 55 
radius is less than three times or less than two 
times the effective Bohr radius, and the particles 
having such radii should preferably be more than 



80%, even more preferably, more than 80% of the 
total number of particles. However, even this rela- 
tionship can be optimized depending on the dif- 
ferent uses of the devices. Further, the sizes of the 
particles should preferably be more than the typical 
size of the nuclei for microcrystal formation. 

Preferably, the fine semiconductor particles 
have an average size of not more than 10 nm. The 
particles preferably have a size distribution (a) ex- 
pressed in nm such that 0.5SoS3. More preferably 
1S<*2. Suitably the particles of semiconductor ma- 
terial are capable of conversion by light energy 
between an amorphous state and the state of con- 
taining crystalline partial regions. 

The semiconductor fine particles are preferably 
made of germanium, silicon, tellurium or selenium 
and the matrix may be a non-crystalline dielectric 
material, preferably of silicon dioxide or germanium 
oxide. Other materials which may be used are 
discussed below. The matrix is preferably formed 
of a material having a solid solubility for said semi- 
conductor material of at most 5 atomic %. 

The volume of the particles in said matrix is 
preferably in the range 10 to 60% of the total 
volume of the matrix. 

Further, the present invention may provide a 
recording medium comprising a dielectric material 
film formed on a substrate and having dispersed in 
it semiconductor fine particles with a size distribu- 
tion and has the feature that the radius of the 
crystalline portion formed inside the semiconductor 
ultra-fine particles by the application of energy 
from the outside can be varied to a value less than 
the effective Bohr radius of the exciton generated 
within the semiconductor particles thereby record- 
ing information. 

The energy used in the invention to change the 
state of the fine particles, can be, for example, light 
(including IR radiation), electrical energy, magnetic 
energy, pressure, etc. Preferably, a dye laser is 
used and may have an energy density sufficient to 
cause phase change of the semiconductor par- 
ticles. Higher energy lasers such as a Nd/YAG 
(yttria alumina garnet) laser or a N 2 -gas laser may 
be employed. In use of a laser, for example, the 
energy (joules) is determined by the product of the 
power (watts) and the time duration (seconds), and 
it is preferable that the recording energy is larger 
than the reproduction energy and that the erasing 
energy is larger than the recording energy. 

One method of recording information according 
to the invention comprises the steps of (a) applying 
a first energy to a recording layer comprising a 
matrix in which are dispersed fine particles of 
semiconductor material capable of existing in a 
non-crystalline state and a crystalline state so as to 
bring the said particles into said non-crystalline 
state and (b) forming regions of said crystalline 
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state exhibiting quantum size effects inside said 
particles by at least one application of a second 
energy which is smaller than the said first energy, 
said application of said second energy being con- 
trolled in dependence on the information to be 
recorded. 

Another method of recording information ac- 
cording to the invention comprises the step of 
applying, at least once, energy to a recording layer 
comprising a dielectric matrix material in which are 
dispersed fine semiconductor particles in a non- 
crystalline state, so as to form crystalline regions 
exhibiting quantum size effects within said par- 
ticles, said energy being greater than the optical 
fundamental absorption energy of said particles, 
said application of said energy being^ontrolled in 
dependence on the information to be stored. 

A further method according to the invention is 
recording information in a recording medium hav- 
ing a recording layer formed on a substrate said 
layer having a matrix and dispersed therein semi- 
conductor fine particles with a distribution of radii, 
the method comprising (a) applying energy is to 
bring said particles to a non-crystalline state by 
melting, and (b) subsequently applying energy to 
bring core portions of said particles to a crystalline 
state thereby forming crystalline regions exhibiting 
quantum size effects and with a distribution of radii, 
said step (b) being performed so as to vary the 
optical fundamental absorption energy of said cry- 
stalline regions in dependence on the information 
being stored so that information recorded corre- 
sponds to at least one absorption wavelength ap- 
pearing in the optical absorption spectrum of the 
particles. 

The invention also provides a method of eras- 
ing information recorded in a recording medium 
having a recording layer formed on a substrate and 
comprising a matrix having dispersed in it fine 
semiconductor particles with a distribution of radii, 
which particles have core regions in a crystalline 
state and exhibiting quantum size effects thereby 
storing the recorded information, said erasing 
method comprising applying energy to convert the 
said particles into a non-crystalline state thereby 
erasing said recorded information. 

The invention also provides a method of re- 
producing information recorded in a recording me- 
dium having a recording layer formed on a sub- 
strate and comprising a matrix having dispersed in 
it fine semiconductor particles with a distribution of 
radii, which particles have core regions in a cry- 
stalline state and exhibiting quantum size effects 
thereby storing the recorded information, said re- 
producing method comprising detecting at least 
one absorption wavelength appearing in a spec- 
trum selected from the reflection, transmission and 
absorption spectra of said recording layer. 



This invention further provides a method of 
recording information in an optical recording me- 
dium comprising a recording layer formed on a 
substrate said layer having a matrix and dispersed 
5 therein semiconductor material fine particles having 
diameters greater than the effective Bohr radius of 
said semiconductor material and having a distribu- 
tion of sizes, said recording method comprising 
applying energy to said recording layer so as to 
to change the diameters of crystalline regions within 
said particles to less than the said effective Bohr 
radius so that the optical fundamental absorption 
energy corresponding to the radius of the said 
crystalline part is varied, the information recorded 
is thus corresponding to at least one absorption 
wavelength appearing in the optical absorption 
spectrum of said layer. 

Another method according to the invention 
comprises erasing information recorded in an op- 
20 tical recording medium comprising a recording lay- 
er formed on a substrate said layer having a matrix 
and dispersed therein semiconductor material fine 
particles having diameters greater than the effec- 
tive Bohr radius of said semiconductor material and 
25 having a distribution of sizes, the diameters of 
crystalline regions within said particles being less 
than the said effective Bohr radius thereby storing 
the information, the erasing step comprising apply- 
ing energy to make the diameters of said cry- 
30 stalline regions more than the said effective Bohr 
radius, thereby erasing the recorded information. 

The invention also provides a method of re- 
producing information recorded in an optical re- 
cording medium comprising a recording layer 
35 formed on a substrate said layer having a matrix 
and dispersed therein semiconductor material fine 
particles having diameters greater than the effec- 
tive Bohr radius of said semiconductor material and 
having a distribution of sizes, the diameters of 
40 crystalline regions within the said particles being 
less than said effective Bohr radius thereby storing 
the information, said reproducing method compris- 
ing applying radiation to said recording layer to 
detect at least one absorption wavelength appear- 
45 ing in a spectrum selected from the reflection, 
transmission and absorption spectra of said record- 
ing layer. 

A method of recording and reproducing in- 
formation according to the present invention uses 

so the photon echo effect. In this aspect, the invention 
provides a method of recording and reproducing 
information in a recording medium having a record- 
ing layer formed on a substrate and comprising a 
matrix having dispersed in it semiconductor fine 

55 particles with a distribution of radii, said recording 
being effected by applying at least one laser pulse 
to bring said particles to a non-crystalline state by 
melting thereby initializing the recording medium, 
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and thereafter applying at least one laser pulse to 
bring core portions of said particles to a crystalline 
state thereby forming crystalline regions exhibiting 
quantum size effects with a distribution of radii, 
thereby recording the information by varying the 5 
third order polarization of the particles which is 
dependent on the radii of the said crystalline re- 
gions, and said reproducing is effected by applying 
first, second and third excitation pulses to said 
recording layer at instants of times of ti , and b - 10 
(ti < t2 < tO thereby generating effectively simulta- 
neously polarization in said crystalline regions by 
means of said first to third excitation pulses, and 
then applying a fourth excitation pulse at an instant 
of time U (U > fc, U -fe = - ti) and reproducing 75 
said information by detecting change in the trans- 
missivity of said fourth excitation pulse. 

In another aspect, the invention provides in- 
formation recording and reproducing apparatus 
comprising: 20 

(a) an optical recording medium comprising a 
matrix formed oh a substrate and having dis- 
persed in it semiconductor fine particles, 

(b) irradiating means for irradiating said record- 
ing medium with light that performs at least one 25 
operation of recording, reproducing, and erasing 

of information in said recording medium, 

(c) amplification means that is located between 
the said optical recording medium and the said 
irradiating means and amplifies the spectral 30 
change in the light from the said optical record- 
ing medium, and 

(d) detection means for detecting the intensity of 
the light from the said amplification means. 
Here, the amplification means is particularly ef- 35 
fective when it is being used for the reproduc- 
tion of information and it is preferable to amplify 

the change in the absorption spectrum of the 
wavelength. It is preferable to utilize the trans- 
mission or reflection of the light. 40 
The invention also provides an information re- 
cording and reproducing apparatus comprising: 

(a) a recording medium comprising a matrix 
formed on a substrate and having dispersed in it 
semiconductor fine particles, 45 

(b) a Fabry-Perot optical resonator having at 
least two mirrors that partially transmit light in a 
wavelength range of light that performs at least 
one of the operations of recording, reproducing 

and erasing of information in said optical record- 50 
ing medium, with the said recording medium 
being located between said two mirrors, 

(c) an optical head that transmits and focuses 
said light to said optical recording medium, and 

(d) one of detecting means that detects the 55 
intensity of the light for reproduction in said 
wavelength range from said recording medium, 

and detecting means for detecting a temporal 



change in the light for reproduction from said 
recording medium. 

The invention further provides an information 
recording and reproducing apparatus comprising: 

(a) a recording medium comprising a matrix 
formed on a substrate and having dispersed in it 
semiconductor fine particles, 

(b) a ring resonator formed by a partially trans- 
mitting mirror located so that it receives light 
from said first fully reflecting mirror and a first 
fully reflecting mirror, which are placed on op- 
posite sides of said optical recording medium, a 
second fully reflecting mirror and a third fully 
reflecting mirror located so that it receives light 
from said second fully reflecting mirror and 
directs that light to the said partially transmitting 
mirror, 

(c) an optical head that transmits and focuses 
light to said optical recording medium, and 

(d) one of detecting means that detects the 
intensity of the light for reproduction from said 
recording medium and detection means for de- 
tecting temporal change in light for reproduction 
from said recording medium. 

The resonator is an interferometer and func- 
tions as an optical amplifier. In particular, the ring 
resonator may include the computation functions. - 

The invention further consists in an apparatus 
for recording information having: 

(a) a recording medium comprising a substrate 
and a recording layer thereon, said recording 
layer having a matrix and fine particles of a 
semiconductor material distributed in said ma- 
trix, said particles being capable of existing in a 
state in which they contain crystalline regions of 
said semiconductor material of a size exhibiting 
quantum size effects, and 

(b) means for controlledly irradiating said re- 
cording medium with light of intensity sufficient 
to cause at least one of formation and change of 
said crystalline regions in said particles, thereby 
recording information in said recording medium , 
the apparatus may further have reproducing 
means for the recorded information comprising 
means for detecting at least one optical absorp- 
tion wavelength of said recording medium. 

In addition to the recording of information, the 
present invention can also be applied to other 
optical devices such as filters, display devices, 
optical switches, solid state lasers, optical modula- 
tors, pressure sensors, light emitting devices, non- 
linear optical devices, optical operational devices, 
etc. The invention can permit active control of the 
optica! properties of such devices. 

Embodiments of the invention will now be de- 
scribed by way of non-limitative example with ref- 
erence to the accompanying drawings, in which:- 



5 



&NSDOCID: <£P Q527551A1 I > 



9 



EP 0 527 551 A1 



10 



Figure 1A shows diagrammatically the construc- 
tion of an optical recording medium embodying 
the invention, and Figure 1B shows an enlarged 
portion A of Figure 1A; ; 
Figure 2A shows a transmittance spectrum of a 
recording medium of the invention and Figure 
26 shows an enlarged portion A of Figure 2A; 
Figures 3A, 3B and 3C are diagrams explaining 
the processes of recording and erasing in an 
embodiment of the invention; 
Figures 4A, 4B, 4C and 4D are diagrams ex- 
plaining the erased states, Figures 4A and 4C 
showing the semiconductor particles in the ma- 
trix and Figures 4B and 4D the corresponding 
absorption spectra (the arrows a indicate the 
effective Bohr radius); 

Figures 5A, 5B, 5C and 5D are diagrams ex- 
plaining the recorded states, Figures 5A and 5C 
showing the semiconductor particles in the ma- 
trix and Figures 5B and 5D* the corresponding 
absorption spectra; 

Figure 6 shows the light emission characteristics 
of an embodiment of the invention; 
Figure 7 is a diagrammatic view of an informa- 
tion recording and reproducing apparatus em- 
bodying the invention; 

Figure 8 is a diagrammatic view of another 
information recording and reproducing apparatus 
embodying the invention; and 
Figure 9 is a diagrammatic view of a third in- 
formation recording and reproducing apparatus 
embodying the invention. 
A basic structure of the recording medium in 
the present invention comprises, as is shown in 
one embodiment in Figure 1, of semiconductor 
doped glass 12 formed on the substrate 11 with 
the said semiconductor doped glass 12 comprising 
the semiconductor fine ultra-fine particles 13 (here 
also called "ultra-fine"), embedded within a dielec- 
tric material or glass (in the glassy state) 14 that 
has a larger band gap than the band gap of the 
ultra-fine particles. 

The radius of semiconductor crystal regions at 
which the quantum size effects appear is less than 
the effective Bohr radius a of the excitons formed 
within the ultra-fine particles by the irradiation with 
a laser having an energy greater than the energy 
Eg of the optical fundamental absorption energy of 
the semiconductor ultra-fine particles being used. 

The Bohr radius a is given by the following 
equation: 

a = (h/2wef€ (1/me + 1/mh) Equation 1 

where, h is Planck's constant of the crystals, e is 
the electronic charge, * is the optical dielectric 
constant, me is the effective mass of the electrons, 
and mh is the effective mass of the holes. 
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The state of the ultra-fine particles used ac- 
cording to the present invention can be observed 
using a transmission electron microscope, and it is 
also possible to determine the state of the distribu- 
5 tion of the ultra-fine particles within the matrix 
using the same method. 

The present invention was based on the dis- 
covery that extremely small germanium ultra-fine 
crystals emit light at room temperature at 
70 wavelengths from yellowish green to red color 
(visible light at room temperature). 

The world of electrons is governed by the rules 
of quantum mechanics. According to these rules, in 
the case of crystals of less than about 10 nm (that 
75 is, quantum sizes), it is possible to observe dif- 
ferent characteristics or new phenomena not found 
in the normal bulk crystals. 

In this context, the inventors of the present 
invention tried a new approach using the separating 
20 phenomenon of ultra-fine crystals for the prepara- 
tion of three dimensional quantum wells (the state 
in which electrons are enclosed in a very small 
region). 

In one preparation process, for example, ger- 
25 manium and silicon dioxide are radio frequency 
sputtered simultaneously in an argon gas environ- 
ment, thereby creating a state in which non-cry- 
stalline silicon dioxide and non-crystalline germa- 
nium are in solid solution. When this is heat treat- 
30 ed, it is possible to separate out ultra-fine crystals 
of germanium within the non-crystalline silicon 
dioxide without defects, ft was understood by ob- 
servation in an ultra-high resolution electron micro- 
scope that these were spherical shaped totally cry- 
35 stalline germanium particles of diameters of less 
than 10 nm embedded in a dielectric material of 
non-crystalline silicon dioxide. These can be said 
to be three dimensional quantum wells prepared by 
the natural phenomenon of separation. 
40 Germanium is a Group IV element like silicon 
and is an indirect band gap semiconductor that 
does not emit light optically. However, it was found 
that the semiconductor ultra-fine crystals without 
defects embedded within a dielectric material of 
45 silicon dioxide strongly emit light at room tempera- 
ture in the wavelength range of 560 to 600 nm 
(corresponding to the colors from yellowish green 
to red) during photoluminescence measurements 
(light generation due to optical excitation). In addi- 
so tion, it was also observed that the wavelength of 
the peak of this light emission varies depending on 
the diameter of the ultra-fine crystals of germa- 
nium. From this light emission phenomenon that 
cannot be conceived according to the conventional 
55 knowledge, it was possible to determine that the 
urtra-fine germanium crystals separated within sili- 
con dioxide can function sufficiently as a three 
dimensional quantum well. 

6 
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This phenomenon of light emission by germa- 
nium ultra-fine crystals can be thought of as a new 
phenomenon brought about by the three dimen- 
sional quantum effects. In such three dimensional 
quantum systems, there are the possibilities of 
finding as yet unknown new phenomena that are 
different from the conventional bulk crystals, and 
can be considered to hold the key to quantum 
devices based on new principles. 

In germanium ultra-fine crystals, it is possible 
to generate light emission of shorter wavelengths 
than that of silicon, because of the electronic char- 
acteristics of germanium (such as the energy of 
electrons, the effective mass, etc.). In addition, 
germanium can be said to be a more promising 
material for quantum devices because of the fea- 
tures of the germanium quantum system such as 
having higher electron mobility than silicon, etc. 

The principles of operation of the present in- 
vention are described below step by step. 

The quantum size effects of the 
semiconductor-doped glass 12 of Figure 1 are ex- 
plained below. When the magnitude of the potential 
generated by the dielectric or glass 14 is infinite, 
the electron state of the semiconductor ultra-fine 
particle 13 that is embedded can be considered to 
be three dimensional quantum confinement, rf we 
assume that on an average, the ultra-fine particle 
that is embedded has a spherical shape, the elec- 
tron level E (1, n) is given by the following equation 

E (1 , n) = Eg + h 2 / (^uR^O , n) 2 Equation 2 

Here, Eg is the energy band gap of the bulk 
crystal. R is the radius of the ultra-fine particle, h is 
Planck's constant, u is the equivalent mass (1/u = 
1/me + 1/mh. where me is the effective mass of 
the electrons and mh is the effective mass of the 
holes), n) are the eigenvalues of Bessel's 
functions, and the lowest state eigenvalue $(0, 1) is 

IT. 

From this equation, it is evident that the mini- 
mum energy shifts towards the high energy side as 
the radius R of the ultra-fine particle becomes 
smaller. When a light beam of energy greater than 
that corresponding to the band gap of the semicon- 
ductor is impinged on the semiconductor, the high- 
est energy electrons in the valence electron band 
get excited thereby generating an exciton that is a 
pair of the excited electron and the corresponding 
hole. Such an exciton can move freely within the 
crystal structure due to the translation^ symmetry. 
This is due to the nature of development of the 
wave function W (k, t) = u(k) exp (-ikR-U) and the 
Bloch function u (k). Such excitons are called Wan- 
nier excitons. The generation and extinction of ex- 
citons depends on the dipole moment between the 



electron levels that are transited. The dipole mo- 
ment Pn of transition is given by the following 
equation - 

5 Pn = 1/ v (2R/a) 3/2 /nu(c, v), (n = l,2...) Equation 3 

Here, u (c. v) is the interband transition dipole 
moment, n is the major quantum number and a is 
the effective Bohr radius of the exciton. From this 
io equation, it is evident that the change in the dipole 
moment of the transition n = 1 — 2 from the 
minimum energy state to the first excited state is 
large. Further, it is also evident that the intensity of 
the transition becomes larger as the ratio of the 
75 diameter to the effective Bohr radius (2R/a) be- 
comes large. As a result, the process of light 
absorption is basically determined by the transition 
from the minimum energy level E (0, 1) obtained 
by Equation 2 to the first excited states E (0, 2; 1, 

20 2; -1, 2). Since E (0. 1) becomes larger as the 
radius R of the ultra-fine particle becomes smaller, 
the optical fundamental absorption energy shifts 
towards shorter wavelengths. This is called the 
Blue Shift. From the above theoretical principles, it 

2$ is clear that if the radius R of the ultra-fine particles 
is controlled in the range in which the quantum size 
effects appear, it will be possible to freely shift the, 
optical fundamental absorption energy of the semi- 
conductor ultra-fine particles. 

30 A principle of recording of the present inven- 

tion comprises the wavelength multiplexing record- 
ing of information corresponding to the wavelength 
dispersion of the optical absorption spectrum. Al- 
though the principle of controlling the distribution of 

as the radii of the semiconductor ultra-fine particles 
within the glass matrix is described later, if we 
assume that the ultra-fine particle diameter has a 
Gaussian distribution, the radii occurrence frequen- 
cy distribution can be expressed by the following 

40 equation 

u(R, a) = 1 / VS^aexpHR-Rav^o 2 ) Equation 4 

Here, Rav is the average radius and o is the 
45 dispersion of the radii. Thus, the radii distribution of 
the ultra-fine particles is reflected in the absorption 
spectrum. The absorption of the medium will be a 
distribution centered around the absorption energy 
E (0, 1 : Rav) corresponding to the average radius 
so Rav, as shown in Figure 2. Further, if we observe 
the minute structure of the spectrum by increasing 
the wavelength resolution, we can see that there 
are absorptions corresponding to the radii R of the 
different ultra-fine particles. The wavelength mul- 
55 tiplexing recording is carried out for example by 
making the unit of information of the "1" bit cor- 
respond to these minute absorption bands formed 
in the spectrum as is shown in Figure 2B. The 



HNSOOCtO:<EP 0527551A1 I > 



13 



EP 0 527 551 A1 



14 



detection of whether "(T or *1" is done using the 
method of detecting the peak wavelength of the 
second order differential absorption spectrum or 
using a detection method dependent upon the 
modulation method of the digital signal, tt will be s 
possible to carry out multiplexing recording over a 
wide wavelength range by controlling the average 
radius Rav of the ultra-fine particles and its disper- 
sion. 

In practical terms, it is preferable to use a io 
semiconductor that can generate quantum size ef- 
fects with a large particle radius and thus has small 
electron and hole effective masses resulting in a 
large effective Bohr radius. In such a semiconduc- 
tor, since the amount of the Blue Shift of the ts 
absorption energy corresponding to the radius R of 
the ultra-fine particle will be large as can be seen 
from Equation 2, there will be the advantage that 
the range of recording wavelengths will be large. 

The control of the radius R of the ultra-fine 20 
particles within the semiconductor-doped glass is 
done using the method of separating the semicon- 
ductor atoms that are present within the glass in 
the form of a supersaturated solid solution by an- 
nealing at a temperature at which the diffusion of 25 
the doped semiconductor atoms is easy. At this 
time, the particle radius R(t) is given by the theo- 
retical equation of Lifshits - Slesov given below - 

R(t) = (4/9aDt) 1/3 . D = Doexp(-EaAT) Equation 5 30 

Here, Do is the diffusion coefficient Ea is the 
diffusion activation energy of the semiconductor 
atoms within the glass matrix, k is the Boltzmann 
constant, and T is the annealing temperature. 35 

The principle of controlling the diameters of the 
ultra-fine particles in the present invention is de- 
scribed below. Since the medium immediately after 
the film growth is in the state in which the semicon- 
ductor in the glass matrix is in the form of a 40 
supersaturated solid solution, the semiconductor 
ultra-fine particle crystals are separated in the ma- 
trix by heat treatment. The control of the particle 
diameter during this process is done by controlling 
the annealing temperature and time based on 45 
Equation 5 and uses the difference in growth of the 
ultra-fine particles due to the degree of super- 
saturation within the glass due to the different val- 
ues of the annealing temperature and time dura- 
tion. 50 

The dielectric material should preferably be 
selected from silicon dioxide, aluminum oxide, sili- 
con nitride, zirconium oxide, aluminum nitride, ger- 
manium oxide, yttrium oxide, hafnium oxide, so- 
dium chloride, potassium chloride, polyethylene, 55 
polyester, polycarbonate, polymethylmethanol, or 
other organic resins. In addition, it is also possible 
to use zeolite or other porous glasses. The semi- 



conductor material should preferably be germa- 
nium, silicon, tellurium, selenium. Other semicon- 
ductors such as lead sulfide, copper chloride, cad- 
mium sulfide, cadmium selenide, a mixed crystal of 
cadmium sulfide and cadmium selenide, germa- 
nium telluride, tin telluride. indium telluride, or 
mixed crystals of lll-V group elements such as the 
gallium arsenide system, etc may be used, pro- 
vided that they can be sufficiently easily converted 
between crystalline and amorphous states. 

The combination of the two materials should 
preferably be such that the dielectric material does 
not form a solid solution with the semiconductor 
material that is embedded in it, or even if it forms a 
solid solution, it is at less than 5 at%. In addition, it 
is preferable that the electron affinity energy P 1 of 
the dielectric material is smaller than the electron 
affinity p2 of the semiconductor material. It is pref- 
erable that p1 - p2 is more than 0.5 eV. 

The method of preparation of the recording 
medium of the present invention can be chosen 
from film growth techniques for forming the dielec- 
tric material, various types of sputtering methods, 
the CVD (Chemical Vapor Deposition) method, 
chemical plating, the solgel method, a method of 
impregnation into the fine pores of zeolite or other 
porous glasses, vacuum evaporation methods, the 
methods of spraying suspension liquids of organic 
resins, the reduction decomposition methods of 
nitrides or oxides, etc. 

Figures 3A to 3C show the change in the 
structure in the states of recording and erasing 
information of one semiconductor ultra-fine particle 
of radius R. The erased state of the optical record- 
ing medium according to the present invention 
corresponds to the following two structures. 

(1) The structure in which the entire interior part 
of the ultra-fine particle is in the non-crystalline 
state as is shown in Rgure 3A. 

(2) The structure in which the radius Rc of the 
crystalline part inside the ultra-fine particle is 
greater than the effective Bohr radius a as is 
shown in Rgure 3C. 

In (1), when the entire semiconductor ultra-fine 
particle is irradiated with a high energy laser pulse 
for about several pico seconds, the entire semicon- 
ductor ultra-fine particle will be heated up to sev- 
eral thousand degrees Centigrade so as to melt it 
and then it is suddenly cooled thereby taking the 
entire semiconductor ultra-fine particle into the non- 
crystalline state (see figure 3A). The recording is 
done by varying the radius Rc of the crystalline 
part of the ultra-fine particle. This is done by irra- 
diating the non-crystalline ultra-fine particle with a 
relatively lower energy laser pulse so that the par- 
ticle becomes crystalline at its center (see Figure 
3B). As a result, the ultra-fine particle will consist of 
a crystalline phase core 32 embedded within a 
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non-crystalline phase 31, and the quantum size 
effect and the Blue Shift of the absorption energy 
corresponding to Rc will be the control factor nec- 
essary for recording the information. 

Here, we postulate the process of crystalliza- 
tion of the non-crystalline ultra-fine particle due to 
the irradiation by the laser pulse, but the invention 
does not depend upon the correctness or otherwise 
of this assumption. Since the ultra-fine particle is 
considerably smaller than the wavelength of the 
laser beam, the energy of the laser beam will be 
absorbed uniformly within the particle and hence 
the material will be heated up to a uniform tem- 
perature, but the cooling process due to heat con- 
duction will be considerably different at the surface 
and inside. The speed of cooling at the surface is 
larger than that at the inside. This is because the 
area of heat radiation is proportional to R 2 . As a 
consequence, the central part can be said to be in 
an appropriate condition for crystallization after 
melting because it gets cooled slowly. Further, we 
suppose that since according to the theory of cry- 
stal nucleus generation and growth the crystal nu- 
cleus with the smaller surface area is more likely to 
grow, the nucleus will be grown more easily at the 
central part of the ultra-fine particle rather than at 
the surface. Due to this mechanism of nucleus 
generation, it is possible to think that the state of 
the ultra-fine particle in which a crystalline part with 
an outer sheath of non-crystalline part will be gen- 
erated. 

In (2) above, since the absorption is shifted to 
the longer wavelength side of the wavelength re- 
gion where the absorption is detected by making 
the radius Rc of the crystalline portion greater than 
the effective Bohr Radius, it is possible to take the 
region into the apparently unrecorded state (see 
Figure 3C). 

The distribution of the internal structure of the 
semiconductor ultra-fine particles and the change 
in the absorption spectrum in the unrecorded state 
and the erased state are shown in Figures 4A to 
40. In the present invention, the unrecorded state 
and the erased state consist of non-crystalline 
semiconductor ultra-fine particles 41 having radii 
greater than the effective Bohr radius a (as shown 
in Figure 4A), or of crystalline semiconductor ultra- 
fine particles 42 having radii greater than the effec- 
tive Bohr radius a (as shown in Figure 4C). At this 
time, no absorption peak will be observed in the 
absorption spectrum of the detected wavelength 
range. As a result, this corresponds to the unrecor- 
ded state or the erased state. 

The distribution of the internal structure of the 
semiconductor ultra-fine particles and the change 
in the absorption spectrum in the two recorded 
states are shown in Figures 5A to 5D. The unrecor- 
ded state and the erased state consist of semicon- 
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ductor ultra-fine particles having different radii in 
the non-crystalline state. According to Equation 2. 
the recorded state in the present invention will be 
determined by the radius Rc of the crystalline 
5 portion. The radius of the crystalline portion formed 
in the central part of the semiconductor ultra-fine 
particle due to the irradiation by optical energy 
such as a laser pulse, etc., will become smaller in 
the semiconductor urtra-fine particles with the larg- 
10 er radii. This is because the temperature at the 
center will be lower in the semiconductor urtra-fine 
particles with the larger radii. By using this phe- 
nomenon, it is possible to control to a high accu- 
racy the distribution of the radii Rc of the cry- 
15 stalline portions. The method of re-writing informa- 
tion in the medium can be either (1) recording after 
returning the semiconductor urtra-fine particles to 
the erased state shown in Figure 4A or Figure 4C 
or (2) irradiating the recording laser pulse again to 
20 increase the radius of the crystalline portion. In 
method (1), there is the advantage that the range of 
wavelengths that is being detected can always be 
maintained constant. In method (2), since the diam- 
eter of the crystalline portion increases every time 
25 the information is re-written and hence the absorp- 
tion position shifts towards the longer wavelength 
side, it may be necessary to set beforehand the 
range of wavelengths detected to be wide. As a 
result it will be necessary to sacrifice the resolu- 
30 tion of detection of the absorption. However, in 
method (2), since it will be possible to overwrite 
new information on old information, there is the 
advantage that the speed of re-writing information 
will be higher. It is possible to use the above two 
35 methods in combination as a system. 

In the PHB method of optical recording dis- 
cussed above, there was the problem of reliability 
under practical conditions because the operating 
temperature is lower than liquid nitrogen tempera- 
40. ture. In this context, we study the operating tem- 
perature as a memory apparatus of the optical 
recording medium based on the principle of opera- 
tion of the present invention. The recording me- 
dium of the present invention has the feature that it 
45 is physically of the zero order quantum system. As 
a consequence, it has the features of a zero order 
quantum system determined by Equation 2. In an 
ultra-fine particle in which the three dimensions of 
X, Y, and 2 are all of quantum sizes, the energy of 
so the electrons and holes will become dispersive and 
the state density g(E) will effectively become infin- 
ity at each energy level. The actual electron dis- 
tribution is given by the product of the state den- 
sity g(E) and the Fermi-Dirac statistics function f(E) 
55 which indicates the fluctuations in the distribution of 
the electron states due to temperature as follows. 

f (E) = 1 /(exp((E-Ef)/kT) + 1 ) Equation 6 
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Here, Ef is the Fermi energy, k is the Boltzmann 
constant, and T is the temperature. Therefore, g(E) 
f(E) will be spread to infinity at each electron 
energy level En irrespective of the temperature. In 5 
actuality, a finite electron energy distribution will be 
obtained due to the dispersion of the electron 
waves in the ultra-fine particles and it is evident 
that the distribution is limited to an extremely nar- 
row energy range. The feature of this zero order 10 
quantum system indicates that the recording opera- 
tion in one of the recording medium in the present 
invention can operate at room temperature or at 
high temperatures because it is not affected by the 
fluctuations in the electron system due to tempera- 75 
ture, and hence this is fundamentally different from 
the PHB which is also a wavelength multiplexing 
recording medium. 

In the invention it is possible to use a method 
of recording and reproduction based on accumu- 20 
lated photon echo. 

Photon echo is one of the third order non-linear 
optical effects and three optoelectric fields come 
into play. The macro third order non-linear polariza- 
tion P will be excited in the medium due to three 2s 
excitation pulses Ei, E2, and E3 irradiated at the 
instants of time ti, fc. and fe, and the light radiated 
at the instant of time +t2-ti from this polarization 
is the photon echo. It is possible to detect the 
polarization from the change in the transimittivity of 30 
probe light passing through the medium at the 
fourth pulse at the instant of time U when the 
polarization is excited. As a result, the relationship 
U-ta = ts-ti should be satisfied. Although photon 
echo is also observed at a low temperature near -35 
4.2K similar to PHB, in the recording medium of 
the present invention the photon echo method can 
operate at operating temperatures at or above 
room temperature. Further, in the present invention, 
the third order non-linear optical polarization P 40 
which is the physical cause of photon echo can be 
made large. The third order polarization rate Xa is 
given by the following equation: 

X3 * (ftA/FPhV*, )3)|Pcvt* Equation 7 45 

Here, r is the rate of the occupation area of the 
ultra-fine particle and «i is the angular frequency 
of the exciton at the lowest energy level. From this, 
it is clear that the third order non-linear polarization 50 
rate increases in proportion to the -3 power of the 
diameter R of the ultra-fine particle. In this optical 
recording medium, as a result, it is possible to 
generate photon echoes of various modes by the 
control of the average diameter of the ultra-fine 55 
particle described above. 

In the present invention therefore, an optical 
recording medium can be provided in which 



wavelength multiplexing recording and photon echo 
memory are possible due to the control of the 
average diameter of the semiconductor crystalline 
regions using the non-crystalline to crystalline 
phase transition within the ultra-fine particles due to 
the quantum size effect of the ultra-fine particles 
and irradiation with laser pulse. 

Embodiment 1 

A film was grown on a quartz glass substrate 
using the rf magnetron sputtering method by cov- 
ering a fixed area of an S1O2 target with a Ge chip. 
Instead of quartz, silicon may be used as a sub- 
strate. The sputtering output was 1200W and the 
Ar gas pressure was 20 mTorr. The sample so 
prepared was heat treated for 30 minutes at more 
than 800 *C in vacuum and the supersaturated 
solid solution of Ge within SiCfe is separated there- 
by preparing an optical recording medium having 
the structure shown in Figures 1A and 1B. The 
growth of ultra-fine particles of Ge of less than 7 
nm average particle diameter within the Si02 ma- 
trix due to heat treatment was confirmed by laser 
Raman spectroscopy. 

The intensity of light emitted by 
photoluminescence when excited by an argon ion 
laser of 514.5 nm wavelength is shown in Figure 6. 
The light emitted shows a sharp peak near a 
wavelength of 620 nm and a broad peak centered 
around 580 nm. This is the light emission due to 
the electron transitions between the quantum levels 
formed by the quantum size effect of the ultra-fine 
particles of Ge. The change in the absorption spec- 
trum was observed by irradiating the recording 
medium with laser pulses of 1 ps duration with 
different energy densities E. No absorption was 
observed when E was greater than 100kW/cm 2 . 
This is because the Ge ultra-fine particles became 
non-crystalline due to melting. When E was about 
20 kW/cm 2 , it was observed that the absorption 
wavelength shifted towards the shorter wavelengths 
as the number of repetitions of irradiation was 
increased. This indicates that the absorption 
wavelength is dependent upon the diameter of the 
crystal regions of the Ge ultra-fine particles. By this 
embodiment of the present invention, the validity in 
principle of the methods of recording, reproducing, 
and erasing of information according to the present 
invention was confirmed. 

With the present invention, unlike in the con- 
ventional techniques of increasing the density of 
optical recording by making small the recording 
marks themselves that are formed with sizes of 
several microns on the optical recording medium 
as the basic unit of information so as to increase 
the recording mark density per unit area, there is 
no need to reduce the wavelength of the laser used 
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for recording nor is it necessary to increase the 
aperture of the objective lens that is used for 
focusing the laser light. Further, since it is possible 
to carry out wavelength multiplexing recording with- 
in the present invention, it is in principle possible to 
achieve recording densities of 6 x 10 10 bits per 
cm 2 of unit area of the recording medium. This 
means that the present invention permits high den- 
sity recording of more than 600 times the recording 
densities of 10 s bits/cm 2 currently possible in op- 
tical disks. 

In addition, in contrast with the PHB optical 
recording method in which the temperature range 
of use is restricted to 0.3 to 25K, the present 
invention can be used at or above room tempera- 
ture. 

In addition, the stability of the reproduced light 
is very good in the present invention because there 
is an energy threshold value, for the formation of 
the absorption holes. 

Embodiment 2 

A film was grown on a quartz glass substrate 
using the rf magnetron sputtering method by cov- 
ering a fixed area of an AI2O3 target with a Si chip. 
The sputtering output was 1200W and the Ar gas 
pressure was 20 mTorr. The sample so prepared 
was heated in portions by irradiating with a laser 
beam thereby separating the Si that was in the 
form of a supersaturated solid solution within 
Al 2 0 3 . By adjusting the power and pulse width of 
the laser, it was possible to control the distribution 
of the radii of the ultra-fine particles of Si that were 
grown. It was confirmed by this method that it is 
possible to grow ultra-fine particles of Si with radii 
distribution inside AI2O3 in the form of a matrix of 
unit size of several microns to several tens of 
microns, tt was also confirmed that the optical 
recording medium prepared in this embodiment 
also had the effects similar to that in Embodiment 
1. 

Embodiment 3 

One of the preferred embodiments of an in- 
formation recording and reproduction apparatus ac- 
cording to the present invention is shown in Figure 
7. The optical recording medium 71, which is as 
described above, has an arrangement of elements 
of dimensions of five microns square in the form of 
a matrix, with the two faces being provided with 
two partially transparent mirrors 72 or dielectric 
films having appropriate reflectivity thereby forming 
a Fabry-Perot resonator 73. After changing the 
absorption spectrum of the elements by selective 
irradiation with pulses of laser light an described 
above, the absorption peaks were detected with a 
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high sensitivity by the detector 77 by changing the 
mirror spacing 76 of the Fabry-Perot resonator so 
that the transmittivity becomes maximum when 
resonated at the absorption wavelength by irradiat- 
5 ing with a dye laser 75. In this apparatus, 
wavelength multiplexing recording in the optical 
recording medium of the present invention is possi- 
ble. 

to Embodiment 4 

Another preferred embodiment of an informa- 
tion recording and reproduction apparatus accord- 
ing to the present invention is shown in Figure 8. 
T5 The optical recording medium 81 is the same as 
that in Embodiment 3. This apparatus comprises a 
ring resonator formed by a partially transmitting 
mirror 82 and a fully reflecting mirror 83, which are 
placed on opposite sides of the optical recording 
20 medium 81. and another fully reflecting mirror 84 
which is placed opposite the fully reflecting mirror 
83, and yet another fully reflecting mirror 85 which 
is placed opposite the fully reflecting mirror 84. 
After the absorption spectrum of the elements is 
25 changed by irradiating each of the elements of the 
optical recording medium 81 with a specific num- 
ber of pulses of the laser beam 87 via the partially 
transmitting mirror 82, the dye laser 87 is irradiated 
again to resonate the elements at the absorption 
30 wavelength and the spacing of the ring resonator 
mirrors is changed to maximize the transmittivity 
thereby detecting the absorption peak with a high 
sensitivity by the detector 86. When the detection 
wavelength range was 400 to 600 nm, and the 
35 detector was a high speed Fourier transformation 
equipment, a 02 nm resolution of each absorption 
wavelength is achievable thus yielding a 
wavelength multiplexing level of 500 to 1000. 

40 Embodiment 5 

Another preferred embodiment of the informa- 
tion reproduction apparatus based on accumulated 
photon echo according to the present invention is 

45 shown in Figure 9. The recording medium 96 is as 
in Embodiments 3 and 4. The laser pulse 91 is 
divided into a pump light beam and a probe light 
beam by the polarization beam splitter 92. These 
two light beams are modulated in time respectively 

so by the optical delay circuits 93 and 94 and are 
impinged on the optical recording medium 96 by 
the focusing optical system 95. The pump light 
beam and the probe light beam that pass through 
the optical recording medium are guided to the 

55 detector 98 by the collimator lens 97. The time 
difference (the phase difference) between the 
pump light beam and the probe light beam are 
detected in the detector 98 thereby detecting the 

11 . 
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occurrence of photon echo in the optical recording 
medium 96 on a time scale. The optical recording 
medium 96 has the form of a matrix as shown in 
Figure 7 and the scanning of the laser pulse 91 for 
the elements of the matrix is done by the move- 
ment device 99. 

To summarize, the invention can provide op- 
tical recording media, methods of recording, re- 
producing, and erasing information, and information 
recording and reproduction apparatus by which it is 
possible to operate extremely high density informa- 
tion recording, reproduction, and erasing at or 
above room temperature. The invention can be 
applied to other optical systems inventing control 
or variation of optical properties. 

Claims 

1. A method of varying the optical properties of a 
body characterized in that said body has fine 
semiconductor particles (13) distributed in a 
matrix (14), comprising the step of applying to 
said body energy which changes the size of 
crystalline partial regions (32) of said particles, 
which partial regions are of a size exhibiting 
quantum size effects. 

2. A method according to claim 1 for providing 
control of an optical device comprising said 
body, wherein said control is performed by 
applying said energy to said body so as to 
vary the ratio of the relative amounts of amor- 
phous regions (31) and crystalline regions (32) 
in said particles. 

3. A method according to claim 1 or claim 2, 
wherein data storage is performed by varying 
the optical properties of said body in depen- 
dence on the data being stored, wherein said 
energy is light energy which changes the 
amount, in said semiconductor particles, of 
said crystalline partial regions (32) thereof. 

4. A method according to any one of claims 1 to 

3, wherein the size distribution of said semi- 
conductor particles (13) has a dispersion (a) 
expressed in nm such that 0.5SoS3. 

5. A method according to any one of claims 1 to 

4, wherein said semiconductor particles (13) 
have an average particle size of not more than 
10 nm. 

6. A method according to any one of claims 1 to 

5, wherein at least 80% of said semiconductor 
particles (13) have radii which are less than the 
effective Bohr radius of the material of said 
semiconductor particles. 



7, A method of data storage characterized by 
selecting, in accordance with the data stored, 
optical absorption frequency spectra of a re- 
cording material having an absorption frequen- 
5 cy spectrum which is variable by control of the 

optical fundamental absorption energy of fine 
semiconductor particles (13) embedded in a 
matrix (14). 

io 8. Optical device having a body whose optical 
properties are variable, characterized in that 
said body has fine particles (13) of semicon- 
ductor material distributed in a matrix (14), said 
particles being capable of existing in a state of 

is containing within them crystalline partial re- 

gions (32) of said semiconductor material, said 
crystalline regions (32) being of a size exhibit- 
ing quantum size effects, and said device hav- 
ing means for applying energy to said particles 
20 (13) so as to vary the size of said crystalline 

partial regions (32). 

9. Optical device according to claim 10 having 
controllable optical properties, wherein said 

25 means for applying energy to said body ap- 

plies energy of intensity sufficient to vary the 
ratio of the relative amounts of amorphous (31) 
and crystalline regions (32) of said particles, 
thereby controlling the optical properties of the 

30 body. 

10. A recording medium comprising a substrate 
(11) and a recording layer (12) thereon, char- 
acterized in that said recording layer has a 

35 matrix (14) and fine particles (13) of a semi- 

conductor material distributed in said matrix, 
said particles being capable of existing in a 
state in which they contain crystalline regions 
(32) of said semiconductor material of a size 

40 exhibiting quantum size effects. 

11. A recording medium according to claim 10, 
wherein said semiconductor material is capa- 
ble of conversion between a crystalline state 

45 and an amorphous state. 

12. A recording medium according to claim 10 or 
claim 11, wherein said particles have an aver- 
age size of not more than 10 nm. 

50 

13. A recording medium according to any one of 
claims 10 to 12, wherein said particles have a 
size distribution (o) expressed in nm such that 
0.5£o£3. 

55 

14. A recording medium according to any one of 
claims 10 to 13. wherein said semiconductor 
material is selected from germanium, silicon. 

12 
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tellurium and selenium. 

15. A recording medium according to any one of 
claims 10 to 14, wherein said matrix (14) is 
made of a material having a wider band gap 
than said semiconductor material. 

16. A recording medium according to any one of 
claims 10 to 15, wherein at least 80% of said 
particles (13) have radii less than the effective 
Bohr radius of said semiconductor material. 

17. A recording medium according to any one of 
claims 10 to 16. wherein said matrix (14) is 
formed of silica or germanium oxide. 

18. A recording medium according to any one of 
claims 10 to 17, wherein the volume of said 
particles (13) in said matrix (14) is in the range 
10 to 60% of the total volume of the matrix. 

19. A method of recording information wherein en- 
ergy is applied to a recording medium accord- 
ing to any one of claims 10 to 18 in depen- 
dence on the information to be recorded. 



20 



A method of recording information comprising 
applying energy to a recording layer (12), 
characterized in that said recording layer com- 
prises a matrix in which are dispersed fine 
particles of semiconductor material capable of 
existing in a non-crystalline state and a cry- 
stalline state, said method including (a) apply- 
ing a first energy to said layer so as to bring 
the said particles into said non-crystalline state 
and (b) forming regions of said crystalline state 
exhibiting quantum size effects inside said par- 
ticles by at least one application of a second 
energy which is smaller than the said first 
energy, said application of said second energy 
being controlled in dependence on the infor- 
mation to be recorded. 



21. A method of recording information comprising 
the step of applying at least once energy to a 
recording layer (12), characterized in that said 
layer has a matrix material (14) in which are 
dispersed fine semiconductor particles (13) at 
least partly in a non-crystalline state, so as to 
form crystalline regions exhibiting quantum 
size effects within said particles, said energy 
being greater than the optical fundamental ab- 
sorption energy of said particles, said applica- 
tion of said energy being controlled in depen- 
dence on the information to be stored. 

22. A method of erasing information recorded in a 
recording medium having a recording layer 
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(12) formed on a substrate (11). characterized 
in that said layer (12) has a matrix (14) having 
dispersed in it fine semiconductor particles 

(13) with a distribution of radii, which particles 
have core regions (32) in a crystalline state 
and exhibiting quantum size effects thereby 
storing the recorded information, said erasing 
method comprising applying energy to convert 
the said particles (13) . into a non-crystalline 
state thereby erasing said recorded informa- 
tion. ; 

2a A method of reproducing information recorded 
in a recording medium having a recording lay- 
er (12) formed on a substrate (11) character- 
ized in that said layer (12) has a matrix (14) 
having dispersed in it fine semiconductor par- 
ticles (13) with a distribution of radii, which 
particles (13) have core regions (32) in a cry- 
stalline state and exhibiting quantum size ef- 
fects thereby storing the recorded information, 
said reproducing method comprising detecting 
at least one absorption wavelength appearing 
in a spectrum selected from the reflection, 
transmission and absorption spectra of said 
recording layer (12). 

24. A method of reproducing information stored in 
a recording medium according to any one of 
claims 10 to 18 wherein the photon echo meth- 
od is employed for reproducing the informa- 
tion. 

25. An apparatus for recording information having 
a recording medium according to any one of 
claims 10 to 18 and means for controlledly 
irradiating said recording medium with light of 
intensity sufficient to cause formation or 
change of said crystalline regions (32) in said 
particles (13). thereby recording information in 
said recording medium. 

26. An apparatus according to claim 25. further 
having reproducing means for recorded infor- 
mation comprising means for detecting at least 
one optical absorption wavelength of said re- 
cording medium. 

27. An apparatus according to claim 25 or claim 
26, wherein said recording medium is included 
in a Fabry-Perot optical resonator (71, 72, 73). 

2a An apparatus according to claim 25 or claim 
26. wherein said recording medium is included 
in a ring resonator (82, 83. 84, 85). 
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